Perturbations in DNA and/or membranes are considered to be important for the carcinogenic process. A search for nutritional and metabolic means of disturbing the homeostasis of DNA and membranes revealed that nucleotide pools offer an exciting possibility. An imbalance in nucleotide pools can exert a two-pronged attack on both DNA and membranes. When given to rats, orotic acid, a precursor of pyrimidine nucleotides, results in an imbalance in nucleotide pools (an increase in uridine nucleotides and a decrease in inosine/ adenine nucleotides), alterations in both DNA and membranes, and promotion of carcinogenesis in the liver initiated by chemical carcinogens. Agents such as adenine and allopurinol, which inhibit the metabolism of orotic acid and thereby decrease the formation of uridine nucleotides, and galactosamine, which traps uridine nucleotides, inhibited the promotional effects of orotic acid in the liver. These results suggested that orotic acid needs to be metabolized to uridine nucleotides and the creation of a subsequent imbalance in nucleotide pools is important for the promotional effects oforoticacid. To determine whether the creation ofa nucleotide pool imbalance is a more general mechanism of tumor-promotion, two lines of approach were investigated. One was to determine the effect of orotic acid on promotion of carcinogenesis in other organs, and the second approach was to determine how to induce nucleotide pool imbalances by means other than orotic acid administration. It is interesting to note that orotic acid promotes carcinogenesis in duodenum initiated by azoxymethane. Regarding the second approach, it became apparent that several metabolic disturbances result in increased orotic acid synthesis and alterations in nucleotide pools. For example, increased administration of amino acids, ammonia, certain disturbances in urea cycle enzymes and/or metabolites, and certain types of liver dysfunction result in increased synthesis of orotic acid. Similarly, folic acid deficiency also results in increased levels of deoxyuridine nucleotide levels.
INTRODUCTION
One approach to understanding carcinogenesis is to identify those metabolic pathways which, when disturbed, influence the carcinogenic process. Perturbations in DNA and/or membranes are often considered important for the carcinogenic process. During our search for metabolic and nutritional means ofdisturbing homeostasis ofDNA and membranes, we realized that nucleotide pools offered an exciting possibility, because these pools can exert a two-pronged attack on both DNA and membranes.
Being precursors for nucleic acid synthesis, imbalante in their pools can cause DNA alterations including DNA breaks, mis-base pairing or chromatid breaks (6). Since most of the sugars are transferred in the cell as nucleotide sugars and these participate in glycosylation reactions, it is not unreasonable to visualize that an imbalance in nucleotide pools can also cause alterations in the glycosylation of lipids and proteins, including that of membranes.
Accordingly, in our initial experiments we attempted to alter the nucleotide P O O~ in the liver cell by administering thymidine and then to determine whether such consequences result in initiation of hepatocytes. Administration of thymidine, either 100 mg/kgintraperitoneally, daily for 3 days starting 18 hr after either sham or partial hepatectomy or by subcutaneous insertion of a tablet containing 300 mg of thymidine 18 hr after partial hepatectomy did not result in any initiated hepatocytes monitored as foci of enzyme altered hepatocytes using the resis-In the following series of experiments, we studied the effect of an imbalance of nucleotide pools on the promotion phase of the liver carcinogenic process: For this purpose, we created an imbalance in the liver nucleotide pools by feeding orotic acid (OA), a precursor of uridine nucleotides, and examined its effects on the promotion phase of the liver carcinogenic process.
The present communication deals with (i) some of the evidence to indicate that the mechanism by which OA promotes the liver carcinogenic process is by creating an imbalance in nucleotide pools, and (ii) means of increasing the synthesis and endogenous levels of OA.
METHODS

Male Fischer 344 rats (Charles River Breeding
Laboratories, St. Constant, Quebec, Canada) were maintained on Purina rodent laboratory chow diet No. 5001, and daily cycles of alternating 12-hr periods of light and darkness for one week before the start of the experiment. All the rats were given food and water ad libitiun.
Efect of Galactosatiiirie on Orotic Acid-Mediated Liver Tionor Proi?iotiori
Male Fischer 344 rats'weighing 120-140 g were initiated with a single dose of diethylnitrosamine (200 mg/kg, ip, Aldrich Chemical Co., Milwaukee, WI). One week later, the rats were divided into four groups each consisting of 6 to 8 rats and were given the following diets: group 1, a semisynthetic basal diet (BD) (No. 101, Dyets Inc., Bethlehem, PA); group 2, BD containing 1% OA; group 3, BD + 1% OA + 125 mg% galactosamine; group 4, BD + 125 mg% galactosamine. After 8 weeks of promotion, a 2/ 3 partial hepatectomy was performed and all the rats were sacrificed 2 weeks following the surgical operation. Livers were excised and processed for histology and histochemical analysis of y-glutamyltransferase positive foci.
Efect of Orotic Acid 011 Azoxyniethane-Iiidiiced Tta~iorige~iesis in Dirodeiiim
Male Fischer 344 rats weighing 70-80 g were initiated with azoxymethane (2 doses, 1 week apart, 15 mg/kg, body weight each, sc). Starting 1 week after the last injection, the rats were divided into 2 groups and were given either the basal diet (diet No. 101) or the basal diet containing 1% OA. The animals were sacrificed after 42 weeks of promotion. The intestine was isolated and immediately fixed in buffered formalin of pH 7.0. Entire intestine was examined for the presence of polyps or cancers. Sections for histological examination were taken at different levels from both the small and the large intestine.
RESULTS AND DISCUSSION
In the present study, the promoting ability of a regimen was assayed by monitoring either the number and size of the yglutamyltransferase (yGT) positive foci and nodules or the induction of hepatocellular carcinoma following exposure of initiated rats to the promoting regimen.
Our earlier studies revealed that OA is an excellent liver tumor promoter (1 , 7, 1 I , 12) . Further, as one would predict, OA does increase the hepatic uridine nucleotide pools (1 5), induces alterations in hepatic DNA monitored as alkali-sensitive lesions using alkaline sucrose gradient and alkaline elution techniques (13) , and causes changes in the glycostylation of microsomal proteins (8) .
The obvious next question was whether OA per se or the resultant imbalance in the nucleotide pools is responsible for the encountered promotional effects. This question was approached by studying the effects of those agents that inhibit the metabolism of OA on its promoting ability. Adenine, which competes with OA for 5-phosphoribosyl-1 -pyrophosphate, and allopurinol, which inhibits the decarboxylation of orotidylic acid to uridylic acid ( Fig.  l) , when given together with OA inhibited the promoting effect of OA (14) . Under these conditions, the unmetabolized OA is excreted as urinary OA. These results suggest that OA per se may not exert the promoting effect but needs to be metabolized to uridine nucleotides before it can be effective in promotion. In order to further examine whether or not the accumulation of uridine nucleotides is necessary for the promoting effects of OA, the initiated rats were exposed to the OA diet containing galactosamine, an agent that traps uridine nucleotides. A dose of galactosamine (125 mg% of basal diet) that did not induce hepatic necrosis, when given together with OA, partially inhibited the promoting ability of OA (Table I) . These results indicate that it is the imbalance in nucleotide pools, perhaps an increase in the uridine nucleotide pool, that is responsible for the promoting effects of OA.
The suggestion that an imbalance in nucleotide pools as a metabolic principle that can cause promotion raises several interesting questions. For example, can this be one mechanism by which many organs can be promoted? Perhaps the limiting factor in this line of thinking could be that different organs may require different pathways to create an imbalance in nucleotide pools. Accordingly, the subsequent studies focused on 2 aspects: (i) to determine whether OA can promote carcinogenesis in different organs in addition to liver, and (ii) to identify various means of increasing cellular levels of OA in liver as well as in other organs. It is interesting to note that OA can also promote intestinal carcinogenesis in rats initiated with azoxymethane ( Table 11 ). The fact that OA can promote carcinogenesis not only in the liver but also in the duodenum suggests that perhaps OA may have the potential to promote carcinogenesis in several other organs as well. As pointed out earlier, one of the limitations could be the means ofinducing increased synthesis of OA and creation of an imbalance in nucleotide pools in different organs. Accordingly, a series of experiments were undertaken to identify the means of increasing the synthesis of OA.
RAO ET AL
One way to increase the synthesis of OA is to administer excess amounts of amino acids and possibly proteins. Ammonia, one of the metabolic end products of amino acids is normally detoxified as urea. One of the key intermediates in the urea cycle is the carbamoyl phosphate synthesized by the mitochondrial carbamoyl phosphate synthetase. Interestingly, carbamoyl phosphate is also an important intermediate in the OA synthesis, and is synthesized by a different carbamoyl phosphate synthetase present in the cytosol. Although carbamoyl phosphate synthetases are compartmentalized, apparently the product carbamoyl phosphate is not compartmentalized. Under conditions of saturation of the urea cycle, the mitochondria1 carbamoyl phosphate spills into the cytosol and can be utilized for OA synthesis (1 9,20) . Thus excess administration of amino acids results in an increased synthesis and urinary excretion of OA (3, 4, 18, 19) .
An arginine deficient diet which causes an increased synthesis of OA (3) promotes the growth of carcinogen-induced initiated hepatocytes (1 2). Re-a Details of the experiment are given in the text. In percent; values in parentheses represent number of rats with lcsions per total number of rats at the time of killing.
cently, it has been shown that diets containing 2% tryptophan also promoted chemical carcinogen-induced initiated hepatocytes (1 6). Similarly, diets containing excess amounts of leucine and isoleucine also have been shown to promote urinary bladder carcinogenesis (9). Although the mechanism by which these amino acids promote carcinogenesis is not known, it is tempting to speculate that they may exert their promoting effect by increasing the synthesis of OA. Acute administration of these amino acids have been shown to increase the synthesis and urinary excretion of OA (3, 4, 16, 18) . However, it remains to be determined whether chronic administration of these amino acids also causes an increased synthesis of OA.
The interrelationships between amino acid (protein) metabolism, the urea cycle, and OA (pyrimidine nucleotides) synthesis needs a detailed study, especially in terms of carcinogenesis. It will be interesting to determine whether conditions associated with increased generation of ammonia either by increased consumption of amino acids (proteins) or decreased capacity of the urea cycle by way of liver dysfunction result in increased OA synthesis and accelerate the carcinogenic process.
For example, it will be interesting to determine if total parenteral nutrition, especially the amino acid components, results in increased OA synthesis and promotes carcinogenesis. Similarly, it will also be of interest to determine whether conditions of liver dysfunction induced by diets, chemicals, viruses, parasites, or surgery are associated with increased synthesis of OA. Also of interest is to determine. whether liver cirrhosis, one of the risk factors for liver cancer, is associated with increased synthesis of OA. Rats with a protocaval shunt, another condition with liver dysfunction, exhibit increased urinary OA (2, 17) ; interestingly a portocaval shunt promotes liver carcinogenesis (10) .
In addition to these conditions, there are other dietary and metabolic means that would create imbalances in nucleotide pools which in turn can affect the carcinogenic process. For example, NS,NIOmethylene tetrahydrofolate is involved in the conversion of deoxyuridylic acid to thymidylic acid and, accordingly, folate deficiency results in an accumulation of deoxyuridine nucleotides. Interestingly, folic acid deficiency appears to enhance cell transformation (5).
Thus, it appears that dietary and metabolic disturbances, especially those that perturb the homeostasis between amino acids (proteins), ammonia metabolism, the urea cycle, and OA (pyrimidine nucleotides) metabolism may influence the carcinogenic process in the liver and perhaps in other organs as well. 
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